Introduction
The advent of diagnostic amniocentesis coupled with therapeutic abortion has recently allowed investigators the opportunity to examine the earliest stages of human metabolic diseases. This report presents information obtained from biochemical and morphologic examination of a 19-gestational week fetus with Niemann-Pick disease (NPD), Type A. This disease results from a deficiency of the catabolic enzyme, sphingomyelinase, that leads to accumulation of its substrate, sphingomyelin [8, 33] . In liver, spleen, and other tissues, lipid-filled foam cells are seen on light microscopy [19] and sphingomyelin-containing cytoplasmic bodies are found on electron microscopy [17] .
Prenatal Niemann-Pick disease 721 Parents of a normal 3-year-old girl and a boy who died at age 4.5 yr with type A NPD were referred to our clinic because of their desire to have another unaffected child. The original diagnosis of NPD was based on a clinical course of neurological deterioration with hepatosplenomegaly, and an analysis of tissue obtained by liver biopsy which demonstrated a marked increase in sphingomyelin content (9.38% of the fresh liver weight). After informed consent was obtained, diagnostic amniocentesis was performed at 13 gestational weeks, and sphingomyelinase activities of the cultured amniotic fluid cells from the fetus at risk were found to be less than 10% of control enzyme activities in parallel normal amniotic fluid cell cultures (0.24 and 0.53 nmoles/mg protein/hour versus 8.7 and 8.9) [14] . Prenatal diagnosis of NPD was made from these findings and, at the request of the parents, a therapeutic abortion was performed. Liver, spleen, and brain tissues from the NPD fetus and age-matched control fetuses were analyzed by multiple histologic and biochemical techniques.
Materials and Methods

Enzyme Assays
Sphingomyelin-
14
C labeled in the choline portion of the molecule and glucose-1-
C cerebroside were synthesized chemically [18] . Tissue specimens were dehydrated with acetone, and enzymes were extracted with a solution of 0.01 M potassium phosphate buffer (pH 6.0) that contained 5 mg sodium cholate/ml. Sphingomyelinase activity was determined at pH 5.0 and glucocerebrosidase was measured at pH 6.0 according to previously published procedures [9, 10, 18] .
Thin-Layer Chromatography
Lipids extracted from samples of fetal liver were separated by thin-layer chromatography on Silica Gel G using chloroform-methanol-water (65:25:4, v/v/v) as the developing solvent [6] . Phospholipids were visualized with molybdate spray reagent [13] . Sphingomyelin was quantitated by measuring the phosphorus content of the eluted phospholipids [35] .
Histologic and Histochemical Preparations
All tissues from the NPD fetus and from two agematched normal fetuses were fixed or frozen within 1-2 hr of termination of pregnancy by hysterotomy. Paraffin sections of formalin-fixed brain, spinal cord, liver, spleen and other viscera were stained with hematoxylin-eosin (HE), cresyl violet, Sudan black, periodic acidSchiff (PAS) with and without diastase digestion, and either Luxol fast blue (LFB)-cresyl violet or LFB-PAS. Nervous system tissue was stained by Mahon's myelin method, and liver and spleen were stained by Laidlaw's reticulin stain with HE or PAS counterstains. Frozen sections of formalin-fixed tissues were stained with oil red O, Sudan black, Nile blue sulfate, LFB, acid hematein (phospholipids) with and without sodium hydroxide hydrolysis [3] , osmium tetroxide-alpha naphthylamine (OTAN) (phospholipids and cholesterol esters) with and without NaOH hydrolysis [3] , perchloric acid-naphthoquinone [3] , and the Schultz methods (cholesterol and cholesterol esters).
Liver, spleen, and multiple areas of brain and spinal cord were fixed in 3.5% phosphate-buffered glutaraldehyde (pH 7.3), post-fixed in 1% phosphate-buffered osmium tetroxide, and embedded in Araldite. One micron-thick Araldite sections for light microscopy were stained with crystal violet or Paragon multiple stain [26] . Ultra-thin sections were stained with lead citrate and uranyl acetate for electron microscopy [41] . Slices of glutaraldehyde-fixed liver were transferred after 2.5 hr to 6.8% phosphate-buffered sucrose for enzyme histochemistry. Liver acid phosphatase was localized by light and electron microscopy with the Gomori method using sodium /3-glycerophosphate and lead citrate [15] and by light microscopy with the azo dye method using naphthol AS-TR phosphate and diazotized pararosanilin [5] . Incubation times ranged from 15 to 120 min. Control sections were incubated in medium without substrate and in medium that contained 0.01 M sodium fluoride.
Results
NPD Fetal Measurements
Measurements of the NPD fetus were as follows: length, 27.5 cm; weight, 416.5 g; liver, 18 g; brain, 66 g; and kidneys, 4.5 g. All these measurements are compatible with previously published values [31] .
Enzyme Assays
Sphingomyelinase activities were undetectable in both NPD fetal liver and brain while glucocerebrosidase activities, examined as control enzyme activities, were comparable in NPD and control fetal tissues. These values, which have previously been reported [14] , are presented in Table I . [14] . 3 In milligrams per gram wet weight.
Thin-Layer Chromatography
Quantitative measurements of the sphingomyelin extracted from NPD fetal liver revealed 14.6 mg sphingomyelin/g wet weight versus 0.86 and 1.41 for two control fetal livers (Table I) . Cholesterol content of the NPD fetal liver was not significantly different from levels in two control fetal livers (1.50 mg/g wet weight versus 1.08 and 1.91) ( Table I) .
Light Microscopy
Neurons at all levels of the central nervous system showed no lipid storage or cytoplasmic distortion and liver and spleen contained no typical NPD foam cells. Hepatocytes in the NPD fetus contained smaller and more eccentric nuclei, increased amounts of vacuolated cytoplasm, more large dense cytoplasmic granules, and less glycogen than did normal fetal hepatocytes, whereas Kupffer cells were normal in size. In the NPD spleen, many round, moderately enlarged reticulum cells in the pulp cord and a few sinusoid endothelial cells contained eccentric nuclei and increased amounts of eosinophilic, retractile, and occasionally vacuolated cytoplasm.
Lipid Hislochemistry
Hepatocytes from the NPD fetus, when compared with iionnal fetal hepatocytes, contained greater numbers of larger and more densely stained cytoplasmic granules when examined with the LFB, Sudan black, acid hematein, NaOH-acid hematein, OTAN, and NaOH-OTAN methods. Pyridine extracted most of the hematein-staining material, and thus confirmed its lipid nature. NPD hepatocytes contained only slightly increased amounts of cholesterol as determined by the perchloric acid-naphthoquinone method, but the amounts seemed normal with the OTAN and Schultz methods. The enlarged splenic reticulum cells stained more intensely with Sudan black and acid hematein than did adjacent cells of normal size or reticulum and endothelial cells of normal fetal spleen. Lipid stains of central nervous system showed no significant difference between NPD and normal fetuses in neurons, neuropil, myelinated tracts, or vasculature.
Electron Microscopy
In each of the hepatocytes examined in the NPD fetus, 5-20 round or oval lamellated lipid cytosomes (LC) were found (Fig. 1) . When compared with the control normal hepatocytes (Fig. 2) , NPD hepatocytes also contained increased numbers of mitochondria and decreased amounts of glycogen. Scattered Kupffer cells contained one or two LC's.
The LC's contained fine, undulating, occasionally parallel membranes which often ran as pairs or triplets and abutted on the cytosome-limiting membrane. Several of the larger LC's were lobulated and contained clusters of dense granular material associated with irregular vacuoles (Fig. 3) . Many reticulum cells in the splenic pulp cords and venous sinusoid endothelial cells contained numerous LC's filled with coarse, densely stained membranes (Fig. 4) .
Rare neuronal perikarya in the basal ganglia of the NPD brain contained LC's of variable density and complexity (Fig. 5 ) while other neurons contained dilated endoplasmic reticulum cisternae filled with moderately dense granular material. Occasional axonal processes in the basal ganglia and brain stem were distended with altered mitochondria and irregular dense bodies, often with membranous substructure (Fig. 6 ). LC's were observed in endothelial cells and pericytes of almost every vessel examined in the brain and spinal cord (Fig. 7) .
Enzyme Histochemisiry
By light microscopy, with both azo dye and Gomori lead methods, NDP hepatocytes consistently contained more acid phosphatase reaction product than did normal fetal hepatocytes. Electron microscopy, with the Gomori lead method, demonstrated that this product was within lipid cytosomes either along limiting membrane inner surfaces in the dense granular material within vacuoles, or linearly arranged along the cytosome lamellations. In normal hepatocytes, the acid phosphatase reaction product was localized in peribiliary dense bodies. Control sections of liver from NPD Figure 2 ). X 12,000. Fig. 2 . Liver of normal fetus. Survey electron micrograph. Hepatocytes grouped around the bile canaliculus (BC) contain rough endoplasmic reticulum (RER), mitochondria (M), and dense bodies (DB), but no lamellated cytosomes. X 13,000. parable to those seen in tissues of affected children [17] , together with a positive family history, clearly confirm the previous in vitro diagnosis of NPD. Several morphological findings indicate that by 19 gestational weeks, many of the characteristic features of NPD are present. These include cellular enlargement with cytoplasmic vacuolization and eccentric nuclei on light microscopy, increased deposition of phospholipids demonstrated by lipid histochemistry, and increased acid phosphatase reaction product by enzyme histochemistry when compared with control normal fetal liver and spleen. On electron microscopy, the LC's characteristic of sphingolipid storage were observed in liver, spleen, cerebral vessels and occasional neurons. In contrast to the elevated levels observed in affected infants, the cholesterol content of the NPD fetal liver was normal. This suggests that the primary defect in NPD is limited to sphingomyelin catabolism and that the increased levels of cholesterol seen later in the disease may be secondary to the disordered sphingolipid metabolism.
Fig. 1. Liver of fetus with Niemann-Pick disease. Survey electron micrograph. Lamellated lipid cytosomes (arrows) appear midway between nucleus (N) and cell border. Hepatocytes are clustered around a bile canaliculus (BC). Rough endoplasmic reticulum (RER) is relatively well preserved, and mitochondria (M) are increased in number in comparison with normal hepatocytes (cf,
Only a few observations have been made on cases of presumed or documented pre-or neonatal NiemannPick disease. The mild cytoplasmic enlargement of liver and spleen cells and the absence of typical NPD foam cells in the present case differ from the light microscopic observations of Leal in the only previous report of early fetal NPD [23] . However, the diagnosis in Leal's case, a 5-month spontaneously aborted fetus, is uncertain. It was based histologically on the presence of numerous foam cells with vacuolated cytoplasm and eccentric nuclei in spleen, adrenals, liver and placenta, but there was neither a positive family history, histochemical staining for lipids, nor biochemical analysis of the tissues.
The spleen, lymphoid tissue, and adrenal cortex of a full term stillborn infant described by Burne [11] were heavily infiltrated by typical NPD foam cells. Unlike the present case, hepatocyte cytoplasm was distended with glycogen rather than phospholipid. Brain involvement was limited to the pons in which neuronal cytoplasm was swollen and vacuolated, and histochemical examination revealed acid hematein-positive phospholipid in the ballooned pontine neurons and in splenic foam cells. Biochemical studies showed an increase in sphingomyelin in brain, kidneys, and spleen. The findings of major visceral involvement with only minor central nervous system changes in a full term NPD infant parallels the earlier manifestations observed in the present case as well as the clinical presentation of this disease.
Results of lipid stains in the present case are similar to those reported previously [3, 19, 21, 25] in which the majority of NPD cells stained positively with Sudan black, LFB, acid hematein, and OTAN. The increased acid phosphatase activity in NPD fetal hepatocytes resembles that reported in a liver biopsy from a case of NPD Type A [37] and in NPD foam cells [19] , and the ultrastructural localization of acid phosphatase to lipid cytosomes is similar to that reported in post-natal cases [22, 39] .
Ultrastructural evidence of marked lipid storage in liver, spleen, and cerebral vessels was based on the presence of numerous LC's characteristic of sphingolipid disorders. Similar cytosomes have been described previously in postnatal NPD [2, 17, 22, 24, 25, 34, [37] [38] [39] . Less severe but nevertheless important neuronal abnormalities are indicated by the presence of a few typical LC's within neuronal perikarya, by the dense granular material within dilated endoplasmic reticulum cisternae of several neurons, and by distension of many axonal processes by large collections of dense bodies and altered mitochondria. Material found within the endoplasmic reticulum cisternae is similar to that reported in fetal neurons in Tay-Sachs disease and is interpreted as an early change in the evolution of lipid cytosomes [36] . Dense body accumulations within axons, similar to those in the present case, have been reported in NPD in myenteric plexus axons [2] and in the cytoplasm of dorsal root ganglion cells [24] . These abnormalities resemble axonal changes proximal to an injury [20] and may represent a significant though nonspecific response to neuronal injury. Although vessels were abnormal throughout brain and spinal cord, neuronal and axonal changes were found only in basal ganglia and more caudal levels of the neuraxis. This earlier involvement of the more mature central nervous system areas is similar to that observed in a full term stillborn infant [11] and in an 8-month-old infant [16] with NPD, as well as in a 21-wk fetus with Tay-Sachs disease [1] and a 20-wk fetus with Krabbe's disease [30] . found in three other hereditary neurodegenerative disorders, Tay-Sachs disease [1, 28] , Gaucher's disease [29] , and Krabbe's disease [30] . In Tay-Sachs fetuses described by Adachi et al. [1] and by O'Brien et al.
[28], LG's similar to those found in organs of the present case were observed in neurons at various levels of the neuraxis. In Adachi's case, major involvement appeared to be in spinal and brain stem neurons, antici-pating the early flaccid paralysis or atony common in this disease. In a 19-gestational week fetus with Gaucher's disease [29] , increased deposition of sphingolipids was found in liver and spleen, anticipating, as in the present case, the hepatosplenomegaly which is the earliest clinical manifestation of this disorder. Similarly, in a 21-gestational week fetus with Krabbe's disease [30] , formation of globoid cells seen in spinal cord and myelination delay in the caudal neuraxis antecede the spasticity and motor retardation which are the earliest signs of this disease. Thus, sphingolipid accumulation and morphologic findings in fetuses with four different metabolic diseases indicate that, although the infant with each disorder appears clinically normal at birth, the biochemical and pathologic manifestations are well advanced in organs destined to produce the earliest clinical signs.
Several authors [4, 12, 32] have speculated on the use of "gene therapy" for inherited metabolic disorders related to specific enzyme deficiencies. NiemannPick disease, Tay-Sachs disease, Kxabbe's disease and Gaucher's disease, all of which are related to deficient enzyme activities involved in sphingolipid catabolism, would be likely candidates for such gene-enzyme replacement therapy. However, unless an affected child has already appeared in a family, diagnosis of these diseases usually does not occur until several months after birth. The histologic and biochemical changes observed in these diseases in early gestation indicate that these disorders are well advanced by the time a postnatal diagnosis is made. Therefore the success of any therapy will depend on the extent of central nervous system involvement at the onset of therapy. Although the neuronal alterations observed on electron microscopy in the 19-wk NPD fetus are not as severe as those found in visceral organs, they raise the possibilities that the lesions may not be reversible and that prenatal or postnatal "gene therapy" may be ineffective. Therefore, for the foreseeable future, genetic counseling, detection of heterozygote carriers (as is now being done for Tay-Sachs disease) [7, 27] , and prenatal diagnosis by examination of cultured amniotic cells appear to be the best tools for the prevention of these severe hereditary neurologic disorders.
